Aims: To characterize the effect of edible blue-green algae (cyanobacteria) on the gastrointestinal microbiota of mice. Methods and Results: C57BL⁄6J mice were fed a diet supplemented with 0% or 5% dried Nostoc commune, Spirulina platensis, or Aphanizominon flos-aquae (w⁄w) for 4 weeks. Molecular fingerprinting of the colonic microbiota using denaturing gradient gel electrophoresis revealed that administration of N. commune induced major alterations in colonic microbiota composition, while administration of S. platensis or A. flos-aquae had a more subtle impact. Community profile analysis revealed that administration of N. commune did not reduce microbial diversity indices of the colonic microbiota. Despite its pronounced effects on the bacterial composition in the colon, total bacterial numbers in the gut of mice fed N. commune were not reduced as assessed by quantitative real-time PCR and bacteriological culture. Conclusions: The results presented here show that administration of blue-green algae, and especially N. commune, alters colonic microbiota composition in mice with limited effects on total bacterial numbers or microbial diversity. Significance and Impact of the Study: Bluegreen algae are consumed in many countries as a source of nutrients and to promote health, and they are intensively studied for their pharmaceutical value. Given the importance of the gut microbiota for many host functions, the effects of blue-green algae on gut microbial ecology revealed during this study should be considered when using them as food supplements or when studying their pharmaceutical properties.
Introduction
Cyanobacteria or blue-green algae are among the most ancient life forms on Earth and are found in a wide variety of environments, including oceans, fresh water, and soil. Edible blue-green algae, such as Spirulina platensis (S. platensis), Aphanizomenon flos-aquae (A. flosaquae) and Nostoc commune var. sphaeroides Kützing (N. commune), are currently marketed as dietary supplements with various health claims for immune function, inflammation, and heart disease. Currently, S. platensis is harvested from controlled ponds around the world to be sold as an organic dietary supplement. Health benefits have been associated with S. platensis, including anticancer activity and anti-viral activity (Mathew et al. 1995; Shih et al. 2003) . In contrast to S. platensis, most of A. flos-aquae products are harvested from the Upper Klamath Lake in southern Oregon, where it grows naturally and is therefore termed "a natural dietary supplement." Anti-oxidative effects of A. flos-aquae's phycocyanin component have been discovered (Benedetti et al. 2004) , and A. flos-aquae has also been shown to reduce plasma total cholesterol concentrations in rats (Kushak et al. 2000) . Nostoc commune and N. commune var. flagelliforme have been used as food for centuries in many countries such as China (for example as "hair vegetable"), Peru, and the Philippines (Potts 2000) , and it is also used as an alternative medicinal therapy for a variety of medical conditions. Recent research has indicated that N. commune contains cryptophycin, a compound that inhibits cancer cell growth, as well as anti-viral compounds (Knubel et al. 1990; Esser et al. 1999) . In addition, a cholesterol-lowering effect of N. commune was reported in rats fed a high cholesterol diet, the effects being attributed to its high-fiber content (Hori et al. 1994) . Our previous research has also shown N. commune lipid extract to have a potential atheroprotective role by exerting an anti-inflammatory effect and lowering cholesterol biosynthesis Rasmussen et al. 2008) .
Previous research on blue-green algae has focused on their putative health benefits with no regard for possible effects on the bacteria colonizing the gastrointestinal tract, despite its potential implications. The large bowel of mammals, including humans, is colonized by a large, functionally stable, climax community of microbes referred to as the gut microbiota. The presence of a metabolically active microbial population that outnumbers somatic body cells 10-fold has a considerable influence on the biochemistry, physiology, metabolism, and immunology of the host (Gordon and Pesti 1971) . A close relationship exists between the host and its gut inhabitants, comprising microbial modulation of epithelial gene expression and signal transduction pathways, and an extensive host⁄microbe co-metabolism (Hooper and Gordon 2001; Rakoff-Nahoum et al. 2004; Li et al. 2008) . Given the importance of the gut microbiota to overall host biology, it is not surprising that modulation of gut microbiota composition can have a marked influence on metabolic and immunologic functions of the mammalian host Yap et al. 2008) .
In this study, evidence is provided that dietary supplementation of blue-green algae of the species N. commune, S. platensis, and A. flos-aquae leads to alterations in the gut microbiota in mice. These alterations were especially pronounced for N. commune, which introduced major changes to the microbial community present in the colon.
Materials and methods

Blue-green algae preparation
Spirulina platensis (Earthrise Nutritionals) and A. flosaquae (American Health) were purchased from a local health food store. Fresh N. commune var. sphaeroides Kützing obtained from Algaen Corporation (Winston-Salem, North Carolina, USA) was lyophilized and stored at -80°C until it was finely ground to be incorporated into the experimental diet.
Animal feeding and care
Adult inbred C57BL⁄6J mice (Jackson Laboratory) were housed in polycarbonate cages under a 12-h light⁄dark cycle. Two separate experiments were performed. In Study 1, 32 mice aged 15-24 weeks were housed in small groups (n = 2-4), and male mice were kept in isolation from females. Animals were fed a low-fat AIN-93M diet (10% kcal from fat) supplemented with 0 (n = 7, 4 male and 3 female) or 5% (w⁄w) of either N. commune (n = 9, 5 male and 4 female), S. platensis (n = 8, 2 male and 6 female), or A. flos-aquae (n = 8, 4 male and 4 female) at the expense of casein, cornstarch, and fiber on the basis of the chemical composition of the alga (55⋅2% protein, 30% carbohydrate except fiber and 8⋅5% fiber) (Table 1). In Study 2, 12 male mice (6 per group) aged 17-59 weeks were housed individually in polycarbonate cages and fed a high-fat diet (42% kcal from fat) (Harland Teklad, Madison, Wisconsin) with supplementation of 0% or 5% N. commune (w⁄w). For both studies, mice were fed the experimental diet for 4 weeks with free access to food and water. Body weight and food intake were recorded weekly during the experimental periods. At the end of the 4 weeks, mice were anesthetized with ketamine HCl (50 mg kg)1)⁄xylazine (10 mg kg)1) and subsequently killed by cardiac puncture and cervical dislocation. Small intestines and colons were excised, and the distal parts of both organs were immediately used for culture-based bacterial enumeration (see below). The remaining intestinal sections were frozen in liquid nitrogen and stored at -80°C. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Nebraska-Lincoln. Nucleic acid extraction and purification Colon content (10 mg) was manually homogenized in 1 ml sterile phosphate-buffered saline (PBS, 137 mmol l -1 NaCl, 2.7 mmol l -1 KCl2, 10 mmol l -1 Na2HPO4 and 1.8 mmol l -1 KH2PO4, pH 7.0) and centrifuged for 3 min at 10 000 g. An additional wash of the pellets was done with PBS buffer and the samples were centrifuged for 5 min at 12 000 g. The pellets were resuspended in 750 μl lysis buffer (200 mmol l -1 NaCl, 100 mmol l -1 Tris, 20 mmol l -1 EDTA, 20 mg l -1 lysozyme, pH 8.0) and incubated for 15 min at room temperature. The bacterial cells were lysed by adding 85 μl 10% SDS and 30 μl Proteinase K (20 mg ml -1 ) and incubated at 65°C for 15 min. The solutions were transferred to a microfuge tube containing 300 mg of 0.1 mm zirconium beads (BioSpec Products, Bartlesville, Oklahoma), after which 500 μl of phenol:chloroform:isoamyl alcohol (25:24:1) were added and subsequently the samples were homogenized in a MiniBeadbeater-8 (BioSpec Products) at maximum speed for 2 min. DNA from samples was then extracted twice with phenol: chloroform:isoamyl alcohol (25:24:1) and twice with chloroform:isoamyl alcohol (24:1) then vortexed and centrifuged for 5 min at 14 000 g. DNA was recovered by standard ethanol precipitation and further purified using the Allprep DNA⁄RNA Kit (Qiagen) according to the manufacturer's protocol. Samples were stored at 4°C and used within 5 days for denaturing gradient gel electrophoresis (DGGE) and were then frozen at -80°C until used for the qRT-PCR analysis.
Analysis of faecal microbiota by PCR-DGGE PCR was performed as described using primers PRBA338fGC (5′-CGCCCGCCGCGCGCGG CGGGCGGGGCGGGGGCACGGGGGGACTCCTACGGGAGGCAGCAG-3′) and PRUN518r (5′-ATTACCGCGGCTGCTGG-3′) (Ovreas et al. 1997) . The PCR reaction mixture contained 2.5 μl of 10 mg ml -1 BSA (New England Biolabs), 10 × PCR buffer (TaKaRa), deoxynucleoside triphosphates at a concentration of 2.5 mmol l -1 each (TaKaRa), 1.25 U ExTaq DNA polymerase (TaKaRa), 20 pmol l -1 each primer, 1 μl (10-50 ng) purified colonic DNA and sterile double distilled H2O to a final volume of 50 μl. An iCycler Thermal Cycler (Bio-Rad) was used for amplification with the following program: 94°C for 2 min; 30 cycles of 94°C for 30 s, 56°C for 30 s, 68°C for 1 min; and a single final extension for 7 min at 68°C. DNA integrity was assessed by electrophoresis using 5 μl of each sample in a 1% agarose gel that was stained with an ethidium bromide solution and viewed by Chemi-doc UV transillumination (Bio-Rad). DGGE was performed as described by Walter et al. (2000) using a DCode universal mutation detection system (Bio-Rad). DNA on DGGE gels were visualized by standard ethidium bromide staining and photographed using an InGenius gel documentation system (Syngene, Cambridge, UK). DNA isolated from the N. commune preparations used in the feeding experiments was included in the DGGE analysis to identify if the organism could be detected in the colon of animals fed these preparations. Excision and purification of DNA fragments from DGGE gels were performed as described by ben Omar and Ampe (2000) . Purified DNA extracted from bands was sequenced using a commercial provider (Operon ⁄MWG Biotechnologies Inc., Huntsville, Alabama, USA). Closest relatives of the partial 16S rRNA sequences were determined using the nucleotide Blast web tool at the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the Seq-match web tool provided through the Ribosomal Database Project (http://rdp.cme.msu.edu/ seqmatch/seqmatch_intro.jsp).
Profile analysis of DGGE fingerprints DGGE profiles were analyzed using BioNumerics software ver. 5.0 (Applied Maths, St. Maar tens-Latem, Belgium). Bands were manually assigned. UPGMA-type dendrograms were constructed based on the similarity matrix resulting from Pearson's pair-wise comparisons of the fingerprints. To determine the uniformity of bacterial populations within an individual feeding group, the similarity coefficients determined through pair-wise comparisons within each group were averaged. To determine similarity of the gut microbiota of mice fed blue-green algae with respect to control animals, DGGE profiles of all control animals were pair-wise compared to profiles of individual animals in the feeding groups, the thus obtained similarity coefficients were averaged.
To determine the microbial diversity in the colon, Shannon's and Simpson's ecological indices were applied to the molecular fingerprints obtained with DGGE as described by Scanlan and co-workers (Scanlan et al. 2006) . Briefly, Shannon's diversity index was calculated using the formula shown below in which pi represents the proportion of a species i present in a sample (determined as the proportion of the band intensity in respect to the intensity of the entire fingerprint) of n different species (number of bands in the profile). Simpson's diversity index was calculated with the following formula in which ni represents the number of organisms belonging to species i (determined as proportion of the band intensity in respect to the intensity of the entire fingerprint) and N the total number of organisms in the microbial population:
Culture-based bacterial enumeration For enumeration of bacteria through culture, segments of the ileum and colon were weighed and immediately homogenized with 9 volumes of saline (0.9% NaCl) using a Wheaton Tenbroeck Tissue Grinder of a total volume of 15 ml. Tenfold serial dilutions were prepared in saline and plated on Brain Heart Infusion (BHI) (Difco) and Rogosa SL agar (Difco) to determine the numbers of total bacteria and lactobacilli, respectively. Plates were incubated anaerobically at 37°C for 48 h using the Anaero-Pack ™ system (Mitsubishi Gas Chemical America, Inc., New York) with Anaerogen ™ gas packs (Oxoid).
Total bacterial enumeration using quantitative real-time PCR Real-time PCR was performed using a Mastercycler Realplex2 (Eppendorf AG) using the universal primers PRBA338f (5′-ACTCCTACGGGAGGCAGCAG-3′) and PRUN518r de-scribed above. Each PCR reaction was done in a 25 μl volume. The reaction mixture comprised 11.25 μl of the 20 × SYBR Solution (Eppenforf AG), 2.5 × RealMasterMix (Eppendorf AG), 0.5 μmol l -1 of each primer and 1 μl of colonic bacterial DNA. The amplification program consisted of an initial denaturation step at 94°C for 2 min, 35 cycles of denaturation at 94°C for 20 s, annealing at 56°C for 20 s and extension at 68°C for 30 s. To verify the specificity of the amplifications, a melting curve was done with a denaturation step at 94°C for 20 s, an increase from 56°C to 95°C over a period of 20 min and a final step at 94°C for 20 s. The PCR reactions were performed twice in duplicate. Total bacterial numbers were determined as "Bifidobacterium equivalents" using a Ct standard curve generated with cell solutions with known bacterial numbers. To generate the standard curve, overnight cultures of Bifidobacterium animalis ATCC 25527 T and Bifidobacterium infantis ATCC 15697 T grown in MRS media (Difco) were subjected to a 10-fold dilution series (10 -1 to 10 -8 ) in triplicate and quantitatively cultured on MRS (4-day incubation at 37°C in a Bactron IV 900 Anaerobic Ahamber (Shel Lab, Cornelius, Oregon, USA). A second 10-fold dilution series (10 0 to 10 -3 ) was performed in PBS (pH 7.0, 10 mmol l -1 ) and frozen at -20°C until DNA extraction.
Antimicrobial analysis
Strains used for the antimicrobial analysis of N. commune included Lactobacillus johnsonii NE1, Lactobacillus murinus NE5, Lactobacillus reuteri DSM20016 T , B. animalis ATCC 25527 T , Escherichia coli EPI 300, Staphylococcus aureus PF1, Bacillus subtilus BSA46, Enterococcus faecalis PF2, and Streptococcus pyogenes PF1. L. johnsonii NE1 and L. murinus NE5 were isolated from control mice in Study 1. Lactobacilli, bifidobacteria, and clostridia were propagated anaerobically at 37°C in MRS or BHI medium (Difco), respectively. Enterococcus faecalis and S. pyogenes were propagated aerobically on BHI, and E. coli and B. subtilus were grown on LB media (10 g l -1 Bactotryptone, 10 g l -1 NaCl, 5 g l -1 yeast extract).
The antimicrobial activity of whole, lipid extract and water extract of N. commune was investigated by disk-diffusion method (Rios et al. 1988) . Lipid extract was obtained by the Bligh-Dyer method as previously described . Nostoc commune water extract was obtained by homogenizing 3 g of finely ground dry N. commune with sterile water and subsequently filtering it with a Whatman no. 2 filter paper to remove solids. The water extract was completely dried under air, weighed and reconstituted to a known concentration. Frozen, whole N. commune was ground with a mortar and a pestle, aliquoted into 1.5 ml microfuge tubes and stored at 4°C. Sterilized filter disks (13 mm) were impregnated with two different quantities of lipid and water extracts (4 and 8 mg) and air-dried in sterile conditions until they were completely dry. The disk-diffusion method was performed using a 24-hr culture at 37°C. Overnight cultures of test organisms were used to inoculate the surface of agar plates with a sterile swab. Impregnated disks were placed on the agar surface and hydrated with 50 μl of sterile water. A consistent amount of ground N. commune was placed in the center of the inoculated plates containing water extracts. Plates were incubated for approximately 18 h at 37°C, after which the zones of inhibition were analyzed. Sterile water served as a negative control and 10 μg tetracycline as a positive control. All tests were performed using aseptic techniques in duplicate.
Statistical analysis
Results are expressed as means ± standard deviation of the mean (SD). For pair-wise comparisons, Student's t-test was performed. For group comparisons, one-way ANOVA with Tukey's multiple comparison test as the post hoc test were performed using the GraphPad Prism v. 5.00 (GraphPad Software, San Diego, California, USA).
Results
Blue-green algae administration alters gut microbiota composition in mice
To determine the effect of commercially available blue-green algae on the murine gut microbiota, randomized groups of mice were fed a low-fat chow diet supplemented with 0% or 5% N. commune, S. platensis, or A. flos-aquae (Study 1). All animals appeared healthy throughout the course of the study and food intake of mice was not different among the four dietary treatment groups (data not shown). As shown in Fig. 1a , control mice did only gain approx. 2 g of weight during the 4 weeks on the low-fat chow on average, and A. flosaquae was the only feed supplement that affected average body weight gain significantly. The colonic microbiota of all mice fed the control diet (n = 7) and N. commune (n = 9) and representative mice fed S. platensis (n = 6) and A. flos-aquae (n = 5) was compared using PCRDGGE. As shown in Fig. 2a and b, UPGMA dendograms based on Pearson's pair-wise comparisons of the colon community profiles revealed clusters with specificity to diet, indicating that feeding of all three blue-green algae had an impact on gut microbiota composition. The most pronounced alterations in the gut microbiota were induced by N. commune supplementation, which resulted in gut community profiles with little resemblance to that of control animals. Pair-wise comparison between fingerprints indicated that the gut microbiota of mice fed N. commune was, on average, only 19.3% similar to control mice ( Table 2) . Administration of S. plantensis and A. flos-aquae had a more limited effect, and the gut microbiota of mice fed S. plantensis was 70.3% similar to that of control mice, while mice fed A. flos-aquae had a microbial community with 69.3% similarity to that of control mice (Table 2) . A principal component analysis (PCA) was performed using BioNumerics for the control, N. commune and S. platensis DGGE profiles, shown in Figure 3 , which confirmed clear clustering of gut microbial communities based on feeding group, but which showed only very limited grouping based on animal housing (Fig. 3a) and gender (Fig. 3b) . 
Effects of blue-green algae administration on gut microbial ecology
The colonic microbiota of control mice had a high degree of uniformity with an average similarity of 82.5% within individual animals of this group (Table 2) . Administration of N. commune not only changed the gut microbiota in comparison to the control animals but also introduced higher variability within individual animals fed this blue-green alga, significantly reducing the average similarity of gut profiles within the group to 53.3%. The PCA, shown in Fig. 3 also portrays this reduction of similarity in the microbial fingerprint within the N. commune feeding group, as the clustering of these samples is less pronounced compared to the grouping of the control and S. platensis samples. A statistically significant reduction in animal to animal similarity could not be observed within groups fed S. platensis or A. flos-aquae (Table 2) .
Biodiversity of the microbial population in the colon of individual mice was determined by analyzing the DGGE profiles with Shannon's and Simpson's ecological indices of diversity. Despite its profound impact on the composition of the colonic microbiota, N. commune, as well as S. platensis or A. flos-aquae, did not affect microbial diversity based on Shannon's or Simpson's indices (Table 2) . 
Identification of taxa affected by Nostoc commune
To identify the bacterial groups affected by the administration of N. commune, bands were excised from one DGGE gel of Study 1 (low-fat diet) and sequenced. As shown in Fig. 4 , N. commune altered almost every band represented in the DGGE profile of control animals, while S. platensis induced more subtle changes. Sequence comparisons to database entries revealed that most band sequences had close homologues (> 98%) to sequences from uncultured organisms detected by metagenomic studies of the murine gut microbiota (data not shown). Bacteria related to L. johnsonii (database no. AJ002515) and L. murinus (database no. AB260940) were detected by DGGE in all control and S. platensis-fed animals but were absent in most of the N. commune-fed mice (Fig. 4 , fragments 1, 2 and 4). Bifidobacterium animalis (database no. X895143) could be detected in the control mice, while band intensities were reduced in both the S. platensis and N. commune-fed groups (Fig. 4, fragment 3) . Bacteria related to Akkermansia muciniphila (database no. AY271254) and Clostridium cocleatum (database no. Y18188) were detected in the profiles of N. commune-fed mice but not in controls or in mice fed S. plantensis (Fig. 4, fragments 7 and 9) . Interestingly, bands representing Clostridium irregulare (database no. X73447) were enriched in fingerprints of mice fed both N. commune and S. plantensis, suggesting that numbers of this organism are induced through both blue-green algae supplements (Fig. 4 , fragments 6 and 8). 
Confirmation of the effect of Nostoc commune on gut microbial ecology in a second study
To confirm the pronounced effect of N. commune on gut microbiota composition in mice, a second feeding experiment was performed using a high-fat diet (Study 2). As shown in Fig. 1b , no differences in weight gain were observed between control mice and mice fed N. commune. The findings were consistent with Study 1, as dietary supplementation with N. commune had a significant impact on the microbial community in the colon (Fig. 2c) . As depicted in Table 2 , control animals in this study had a uniform colonic microbiota with an average similarity comparable to Study 1 controls (~80%), while administration of N. commune reduced the similarity within animals of the feeding group to 69.3%. Furthermore, average similarity of colon microbial community in mice fed N. commune was only 47.4% compared to the control group. The diversity of the colon microbiota was not reduced by N. commune supplementation to the diet (Table 2 ). In this second experiment, a PCR product obtained with DNA isolated from the N. commune feed supplement was investigated on the same DGGE gel and resulted in two bands. Bands with the same migration distance were not detected in fingerprints of the colons from mice fed N. commune (data not shown), indicating that bands representing N. commune did not contribute to the differences in gut microbiota profiles.
Quantification of bacterial number in the gastrointestinal tract
Given the global alterations in gut microbiota composition induced by feeding N. commune, we were prompted to test whether this treatment would also affect total bacterial numbers in the gastrointestinal tract. We used qRT-PCR to quantify bacteria in the colon of mice, using samples obtained in Studies 1 and 2. In addition, total bacterial counts were determined in the small intestine and colon of mice fed a low-fat diet with 0% and 5% N. commune using bacteriological culture. To confirm the effect of N. commune on the Lactobacillus population shown by DGGE (Fig. 4) , we also determined Lactobacillus counts on Rogosa SL agar. As shown in Table 3 , total bacterial counts were not reduced in any of the experiments. However, there was a decrease in counts on Rogosa SL agar when the small intestine and colon of N. commune-fed mice were plated, indicating that lactobacilli were affected. The reduction of lactobacilli reached statistical significance for the colon (P < 0.05). 
Antibacterial activity
We tested if different preparations of N. commune contained antimicrobial activity as a possible mechanism for the gut microbiota alterations observed in mice fed N. commune. Antimicrobial activity of whole N. commune and its water and lipid extracts were evaluated against a range of gram-positive and gram-negative bacteria, including Lactobacillus isolates obtained from mice of Study 1. No inhibition of any test strain was detected (data not shown).
Discussion
The microbial composition of intestinal ecosystems has been shown to remain remarkably stable in adult mammals, and the community remains resistant and resilient to chaotic blooms of subpopulations and pathogens (Zoetendal et al. 1998; Tannock et al. 2000 Tannock et al. , 2004 Ley et al. 2006) . Functional redundancy in the microbiota confers stability, and if perturbed, homeostatic reactions come into place and restore a reasonably stable equilibrium. Nevertheless, evidence has accrued that dietary supplements such as prebiotics can modify the composition of gut microbiota (Macfarlane 2008) . However, the extent of gut microbiota modulation through dietary interventions appears to be restricted to certain bacterial groups, and an impact on global community composition has not been reported yet (Tannock et al. 2004; Snart et al. 2006) . Accordingly, feeding S. platensis or A. flos-aquae as 5% of the diet to mice showed only modest effects on gut ecology in this study. Although community profile analysis clearly revealed that S. platensis or A. flos-aquae induced changes in the murine gut microbiota, the microbial community remained around 70% similar to that of control mice, and most bacterial bands in DGGE fingerprints of control mice were still present in mice fed these blue-green algae. In contrast, dietary supplementation with 5% N. commune induced global alterations of the colonic microbiota in two independent experiments. In animals fed a basal low-fat diet with N. commune supplementation, the similarity of the microbial community was reduced to around 20% when compared to mice on the control diet. To our knowledge, such an extensive alteration of the gut microbiota composition through a normal dietary supplement has not yet been reported for either animals or humans. Notwithstanding the drastic changes induced in the microbial community profile through dietary supplementation of N. commune, both microbiota diversity indices and total bacterial numbers in the colon were not reduced. The mechanism by which N. commune modulates intestinal microbiota composition remains to be elucidated. It is possible that N. commune induces changes in the gastrointestinal microbial community due to an antimicrobial activity. Antibiotic administration has been shown to exert major effects on the gut microbiota, and the magnitude depends on the type and quantity of antibiotics used (Sullivan and Nord 2006) . Cyanobacteria have been shown to produce metabolic compounds with antimicrobial activity (Ozdemir et al. 2004; Clardy et al. 2006) , and several research groups reported that strains of N. commune produced antibacterial compounds that are active against a range of bacterial species (Jaki et al. 1999 (Jaki et al. , 2000 Kaushik et al. 2008) . However, extracts of N. commune preparations used in this study did not show antimicrobial activity, not even toward murine gut isolates obtained during the feeding experiments that belonged to species that were clearly affected in vivo (L. murinus and L. johnsonii). Since N. commune is a phototrophic organism, it is unlikely that it is metabolically active in the gut. Furthermore, N. commune could not be detected in colon samples by DGGE. It is therefore unlikely that in vivo production of antimicrobial compounds in the gut accounts for our findings. However, it is possible that the extraction methods used in this study failed to extract the bioactive compounds from N. commune, or that the antimicrobial compound becomes available or activated in vivo through the metabolic activity of the host or the gut microbiota.
In addition to potential antimicrobial compounds, N. commune might change the microbiota by the provision of fermentable carbohydrates to members of the gut microbiota. Soluble polysaccharides from marine macroalgae, such as alginates, carrageenan, agars, laminarinans, and xylans, have been shown to have physiological effects on the gut microbial ecosystem (Michel and Macfarlane 1996) . Although not a macroalgae, N. commune secretes a complex, high molecular weight, extracellular polysaccharide (EPS) which accumulates to more than 60% of the dry weight of macrocolonies (Hill et al. 1997) , containing many complex cross-linked oligosaccharides such as novel classes of galactooligosaccharides and xylogalactoglucans (Helm et al. 2000; Wieneke et al. 2007 ). These oligosaccharides are likely to escape digestion by the host and reach the colon intact where they potentially constitute growth substrates for members of the microbial community. Differences in the amount or structure of EPS between N. commune, S. platensis, or A. flos-aquae might account for their different effect on gut microbiota composition. However, to our knowledge, dietary supplementation of prebiotic carbohydrates has never been reported to induce global alterations of gut microbiota composition as detected in this study for N. commune, especially not to this marked extent. In addition, it would not be expected that oligosaccharides were to reduce numbers of lactobacilli and bifidobacteria. Therefore, although we cannot exclude an impact of nondigestible oligosaccharides, our findings point to an antimicrobial activity of N. commune as a more likely reason for gut microbiota alterations.
Despite the pronounced effects on gut microbial ecology induced through N. commune, no negative effects on the animals were observed, and neither animal weight gain nor feed intake were altered by this blue-green alga supplementation. Concern exists about the toxicology of some polysaccharides from marine macroalgae such as carrageenan (Michel and Macfarlane 1996) . Carrageenan is highly sulfated, and like other sulfated polysaccharides such as amylopictin sulfate or dextran sulfate, it has been shown to induce colitis in some animal models (Kim and Berstad 1992) . However, EPS of Nostoc species appear to consist mainly of nonsulfated polysaccharides (Helm et al. 2000; Jia et al. 2008 ). In addition, bluegreen algae supplementation did not increase plasma concentrations of aspartame aminotransferase, alanine aminotransferase, and blood urea nitrogen, which were measured to determine whether the supplementation induced tissue damage (Rasmussen and Lee, unpublished observations) . It can be therefore concluded that N. commune markedly changed gut microbiota composition without harming the animals in experiments performed during this study.
The gut microbiota has a profound impact on the physiology, immunology, metabolism, and health of the host (Gordon and Pesti 1971; Hooper and Gordon 2001; RakoffNahoum et al. 2004; Martin et al. 2008) , and recent studies have shown that even subtle changes in the gut bacterial community have an impact on host phenotypes (Holmes and Nicholson 2005; Rohde et al. 2007 ). Extensive changes in overall gut microbiota composition, as the ones introduced through N. commune, are therefore likely to have an influence on host biology. The findings of this study warrant human studies to determine impact of blue-green algae consumption on the human gut microbiota. The findings further warrant investigations on how alteration of the gut microbiota induced by blue-green algae, and especially N. commune, impact the host. Clearly, alterations of the gut microbiota should be taken into consideration when the pharmaceutical attributes of blue-green algae are studied, or when they are included in food supplements for human consumption. Putative pharmaceutical effects of N. commune and related species in animals and humans might be attributed, at least in part, to the alteration of the gastrointestinal microbiota.
